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CRYSTAL GROWTH FROM THE VAPOR IN LOh GRAVITY ENVIRONMENTS

by Robert P. Santandrea

Materials Chemistrv Group
Materials Science and Technology
Los Alamos National Laboratory

Los Alamos, NM 87545

I. The Influence of Gravity on Crystal Growth from the Vapor

An experiment performed beyond the limits of the biosphere, be it in iow

earth orbit (LEO), geosynchronous orbit (GEG), or even on the lunar surface,

offers the prospect of conditions, both favorable and unfavorable, which are

unable to be sustained for any appreciable time on earth. Many of the

ri~sirahle effects of the space environment are the result of two conditions--

high vacuum and low gravitational field, otherwise referred to as microgravity.

lh~ former conoit.inn is useful for containerll?ss processing, for one. The

ldt.terasp~ct of space otfc’rsa n(!w,limmsion in proc~ss control for systems

!“llli(lm(’(lilmlis

Tf’llll)(’r,ll,llt.f’
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Another typs of convection occurs when a denser gas is above a less dense

gas, corresponding to a situation where a system is heated from below. This

unstable condition can be maintained if viscous forces of the medium outweigh

the buoyant fnrces which drive the flow, allowing a given volume to equilibrate

with its

ity, the

cells or

environment. If, on the other hand,

volume element rises too quickly and

vortex rolls results. This unstable

buoyancy is greater than viscos-

spontaneous flow in the form of

form of convection generally

causes more mixing than normal convective flow.

Concentration gradients within a medium may also give rise to convective

flow. Depletion of a given component within a volume element due to reaction

produces a density gradient and hence buoyancy foimces. Such an effect may have

a significant influence upon crystal growth from the vapor.

In mathematical terms, convective flow is characterized bj~ the ratio of

buoyancy to visco[lsforces, or Gra=huf number, Gr, which is given hy the

expression

(?)
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altering the value of Gr by substituting a value of 10-6g, the gravitation-

al field experienced by objects in LEO, for 1 g, is readily clear. It was,

~nd still is, the prospect of eliminating convective flow in the growth of

crystals and the subsequent effects upon morphology, growth rates, and crystal

homogeneity that drives the study of this process in space.

II. Crystal Growth from the Vapor-Space Experiments

Crystal growth in microgr”!vity has been studied since the first Skylab

mission. Different techniques have been employed, including growth from the

melt, from solution, and from the vapor. Various materials, ranging from

silicon to organic compounds, havu been used. The present work deals with

crystal growth from the vapor. In the past, this has been accomplished in

space using the ~xperimental technique known as chemical vapor transport

(CVT). The principles behlind CV1’and results obtained by this method in space

will hi?disclIssed here.

Cllf!micalvapor transport wns first d~vl~lnped hy Schafer, and the theory

b~hinrl this pt,.nomrna was lntrr rr?finwl by Kalriis, Faktor, and Garrett, In

thP CVT prorl’ss, ,1\nl id soljrcrmat,~ria! r(?act.swith a gaseous transport agent

I,yf“I~rIIIIVlill!q, (7) (11’pl!ll(lfiIIpollttlf’

rr,l(l.iol]l,~k(”;1)1,1(-I’irla I-I(II;I’(1r(l,lct

11izt,I)ri(.llII,y1)(~(~11a FIISP(Is iIic,admpu Ic,

on

nf ttli~

Iil)ri{ml
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establishment of concentration gradients for the different vapor species. The

vapor species then migrate from the ‘source’ region of the vessel, where

Eq. (2) favors the vapor products, to the condensation region, where the

reverse reaction takes place, depositing the original solid in well-defined,

single crystalline form.

In ~electing experimental parameters which will optimize both crystal

growth rate and morphological quality, the thermodynamics of the transport

system and the mode of migration of vapor species from source to condensation

region are important considerations. The former consideration will dictate

the direction in which concentration gradients arise and the migration of

vapor species proceeds, that is, from high to low temperature or vice versa.

This aspect is critical in the sel~ct ion of transport agent and temperature

gradient to be used.

Th~ mnd~ of miq.ation of vapor species can be described by diffusion and

convective flow, which occur simultaneo!lsly under earth-hasd conditions. Py

sel~rl.ing t.h~proper conditions, either mod[? can dominate in the CVT process.

Current thrw~”.ydictates that.the crystal growLll rat~, or mass flux, is

affectpd hy t,bI’ t.ofnl prf?ssur(’withil] th(’rpil~tirrf) VPSSC?l. For ex,lmple, (’ndt’r

v~r,y low pr(!ss~ir~s,tll[’flux is Iimit[’[1by h[~t,ernqctlrousqas/s(~lid reartiorls.

This is r~?flrcterlin th” pr(~l)(]rl,i[]t],~lil.yof l,r,~ll~portr,it(’tIt Ir“.,ll$~)i)t-tiIIII’IIL

pr(’ssllrc Ilnd(’rt.ht’srcnu(lit.inllf;. At. h illhprrs’:llrc’,,(Iit“fuqion control~ t.h~’

transport rat.r:,wl]i(:l)is inv[~r’s(~lyproport ioll{llto I.ot(llprfl~sur(’ in t.tlis

r~qioll, At.hiqhw l)r!’ss~lr~s,CVl is (IriV(IIII),y(:(mvl’(-kion, ,11111 Llw tr-.lnsporl.

r-dt(’ mlr(’ aqa in irlcr(’a<(’twith in(r(’flsirl(ll)r(~’;sllr(~.

[Iryzt,;lI morpho Ioqy can 1){’(111(1Iit,11.iv(~ly r(~l,itl~(l1,()(](1%(11)11’,l.rllrl~,l)ort

vl(l(lt~s.Nllml\r”l)[j~,~’,lrlh-l),l~;t’(1‘;llllli(’ql),lv~’,,llt)wl]th[ltIt]{’I]i[ltlf’sl(llIflt-411’(~1
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cry:ta perfection is attained under conditions where CVT is diffusion-

controlled whereas crystals grown under conditions where convective flow

predomir,ates are of poorer quality. Typical of thiz behavior is the growth of

GeSe usirrgGe14 as a transport agent. In the diffusicm controlled transport

regime, thin platelets are obtained. In contrast, dendritic growth of GeSe is

observed undel conditions where convection dominates the CVT process.

The above conditions defined the limitations of earth-based experimenta-

tion in the field of CVT. Attempts to eliminate convection through changes in

orientation, such as vertical stabilizing temperature gradients, did n,eetwith

som~ succ~ss. Yet, as discussed previously, convection did persist to some ex-

tent. It was first anticipated that convection would not occur in the absence

of gravity, leaving only the pressure ranges where heterogeneous reactions and

diffus~on controlled the mass transport rate. Changes in morphology and

crystal perf~ction observed when CVT was perfo~med in nIiCrCJgraVjtY were also

of int.er~~t.

Exp~~riment M556, flown aboard Skylab, was the first CVT experiment per-

fnrmp(i in spacr. The chrmical s,yst.emsstudied, GeSe-Ge14 and GeTc-Ge14,

wrrr s~lectl~~ior!the bases of furnac(+capability in Skylan and earth-based

work CIOIIII(Jrlthl’’,t’systrws. Although th~ applications of the~e mater inls are

limit.1’d.th(’itilrnpcrt.ipsM,]Ys~rv(’as modrls for systems having mor(+ direct

,Ippli(.(~t.inrl.Tr,lllspor”t(Illlplll(?’;w(’r(’pr~pdrt”,lS0 that d,ltrlwould t)e cdl l(?ct(~(l

irlpr(’~sllr(’r~qiorr~,wllrr(~tho influl’nc(’of convection Ilndcr e(lrttl-hatrd

(’xprrim(lnl con(li;i(ms WOII1(Ivary from Sm(lll, t.omo(i(~rdtc, tn qr~at..

I)i!;l.ill(-l,(li[f(,rllrlcl~:;in morj)holo(li(’sof l’arth-l)as(~dand spacr-qrown

(’r’y’;l,!ll~;wf~r(lf)ll\!~r’vf~(i,oc+l)o(:i,llIy ill ttl(~pr(?ssllr(~r(:qiorlwh(’rr fhP ronvectivc

(-(~lltrih~lliotlw(lIIl(lII(I(Ixp(I(.l(Id t.()I)(Jt.h~ qrc(lt~st. Crysfdls qrowrl in spacr
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possessed smoother faces , more well-defined facets, and a higher degree of

structural perfection.

greater than those pred

CVT .

The growth rates achieved in space were surprisingly

cted by models which assume pure diffusion controlled

Experiment MA085, carried aboard the Apollo Soyuz Test Prcject (ASTP),

broadened the scope of the Skylab experiments by using more complex CVT

systems, namely solid solutions (GeSe-GeTe, GeS-G&) and in onp experiment,

additions of Ar g , which varied the partial pressure of the transport agent

independently of the total ampule pressure. As in the Skylab study, crystals

grown in microgravity exhibited a higher degree of perfection as evidenced by

the homncteneous distribution of dopants throughout the crystals, smoother

facets, and well-defined edqes. Growth rates were once again greater than

predicted vall~es,which ~t the time were attributed t~ thermochemical effects

of qas phase reactions.

In th~ interim h~tween the ASTP fliqht and the enset of the Space Shuttle

program, earth-based experimcntr. were carried nut in an attempt to b~tter

understand the results obtained in space. These studi(’~ included effects of

r~action vessel ori~ntdt,ion upon transport rates and !ocal temperature

variations. Another CV1”rxperim~nt was flown on the Shuttle in IYI13. The

r~sult.s onc~ aqain rlr+mnnst.ratedthat (:rystdlc of fmtch I)i(]her-qualit,y cdn ho

qrown in a micrnqrdvit,y Prlvir’onmrr]t..

[11. Fllture of Crystal Grnwt.h in S~acl’—.. —.. —- —. .—-——-—— —.. .

13eforP discussing th(’ fut.llr[?of crystal (]rowt.hin sp,I(:(I,t.h!’(lir(~(:t.ior,of

thr spacr proqram snnllld k I)riefly merltionwi. rmph(as is i!; currr:nt. Iy l~~itiq

pl~c P(l IIpOII a pIIrmiIIIcrIt. Am(’ric,~rlpr(’c(’nc(~it)‘;I),I(:[Iirlthl, ~“(}rlllIII ,1 \l)(l(:l)

ttation in I.rf). l)n(’ of t.11(~missinr]’; or a SI)(ICIJ sf,(lt, inn is l.h[lt. of /(Iro-
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gravity materials processing on a small industrial scale, that is, passing

from exploratory experiments to the manufacture of materials of practical use.

The activity would first be at a level where process feasibility is

demonstrated, to be followed later by actual production. A lunar base,

planned for the early 21st century, would also involve some manufacturing.

The CVT technique which has been described has demonstrated the utility

of microqravit.y processing of semiconductor materials and the advantages of

growth of crystals from the vapor in this environment. Yet, CVT is not a

viable means of manufacturing such materials for several reasons. First, it

does not nec~ssarily provide industrially acceptable materials. Although some

exploratory work has been done in the growth of epitaxial layers by CVT,

numerous single crystals of various sizes and shapes are usually obtained by

this method. For application purposes, it is advan~ageous to grow crystalline

materials directly onto a substrate. Second, because of random nucleation and

size distribution, the number [~fusable cr;stals produced by CVT on a per unit

basis is very sma’11. Third, thr?experimental conditions such as transport

agent pr~s~ure, amount of cource material, and temperature gradient are not

~asily alt~red.

Many fpat[lres of CVT arp shared by other technigups used for 9rowin9

crystals from the vapor. Gaseous flow plays dn important role in different

typrn nf”val)ot”phasr rpitaxy t~chniq~l~s, and convection prpsumahly has a

C,imiI;]rf~ffecl.upnrlcr,ystal morphology in an open chemical vapor deposition

((:VI)) %v\tPlllI!r>ill,1 I:losrd CVT system. rhtt quality of crystalline layers

qrnwfl hy cvn roIIl(lt.h(’rrforr hr imprnv~d if th(? process were carrid out in

mi(-roqr,lvity. Tll(’,IIlV,IIIt;lII(Iillsuch a t(’rhniqllrov(’r ch(’micill triinsport is

Iil(ll lll,~~flll ln,)[.pri(~l~ (,111 I)P rlirr~t.l,y (ll~l)r)sit.prl onto appropriate substrates.
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Conditions which govern g=owth rates can be more easily altered, and the

amount of materials grown per reactor is considerably larger than that

afforded by CVT. In short, the introduction of this type of crystal growth

into space would take materials processing in microgravity from the purely

experimental stage to the level of manufacturing useful materials which are

superior to their earth-based counterparts.
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